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Abstract

The effect of crystallization on the foaming of poly(e-caprolactone), a semi-crystalline biodegradable polymer, was studied using batch
processing and CO, as the physical blowing agent (PBA). Previous work on the same system suggested that the formation of high cell population
densities of small open cells was crystalline fraction dependent. In this work, ultrasonic sensors were used to investigate the effect of
crystallization on the cell nucleation mechanism through the monitoring of ultrasonic velocity, attenuation and specific volume characteristics.
Analysis of the ultrasonic data allowed to determine the crystallization temperature and thus determined the effect of crystallization on the
pressure at which phase separation occurred (degassing pressure). Clearly, the presence of crystals leads to a 5-10-fold increase in the degassing
pressure with respect to the amorphous system. In addition, it was shown that the talc content did not significantly influence the degassing pressure
for a full amorphous system. However, talc particles can drastically affect the degassing conditions through their role of precursors for crystal
formation. Different mechanisms are proposed as possible explanations for the enhancement of cell nucleation in such semi-crystalline polymer
systems.
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1. Introduction

Control of cell nucleation during foaming of poly-
mer/PBA systems is a key factor for the morphology and
the density of the resulting foams. Traditionally, this is
generally achieved by addition of a small amount of
inorganic filler (talc, TiO,, CaCOs,...). According to the
classical heterogeneous nucleation theory, revisited by
Colton and Suh [1] for amorphous thermoplastic systems,
the energy barrier associated with the formation of a critical
nucleus of PBA can be greatly reduced by the existence of
an interface between the polymer/PBA mixture and a solid
particle. However, while the underlying concept in that
theory is that the PBA molecules must migrate toward the
said interface, there is almost no data available to validate
this hypothesis. This diffusion may also be questionable
since the presence of polymer macromolecules already
adsorbed on the surface of these solid particles, with strong
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interaction favored by high energetic particles, may restrain
considerably the PBA nucleus formation at that specific
location.

Several alternative mechanisms have been proposed to
explain heterogeneous nucleation in filled polymers. Chen
et al. [2] observed that gas absorption increases in the presence
of fillers (CaCOg, talc) and suggested that a certain amount of
gas accumulates inside the micro-pores at the polymer-filler
interface which thus helps to nucleate cells during the foaming
process. However, this hypothesis of an enhanced dissolution
was not validated using a much more accurate measurement
device: Areerat et al. [3], using a magnetic suspension balance,
determined the same solubility of carbon dioxide in poly-
ethylene, whether the polymer was charged with titanium
dioxide particles or not, which preclude then the existence of a
gas-rich interface. Ramesh et al. [4] developed a new model
for bubble nucleation in a PS matrix containing polybutadiene
rubber dispersed particles, based on pre-existing microvoids at
the rubber/polymer interface—these microvoids would result
from the thermal processing history of the polymer—which
then will favour bubble nucleation at the interface. In another
approach, Tatibouét et al. [5], using an in-line ultrasonic
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method, showed that the addition of a small amount of talc or
TiO, during the foam extrusion of a PS/HCFC-142b system
increases the degassing pressure, this latter defined as the
pressure at which phase separation between PBA and polymer
matrix occurred. These higher degassing pressures were also
associated with enhanced cell density in the resulting foams.
By considering free energy concepts, they suggested in a
following study [6] that the concentration of PBA might not be
uniform throughout the whole polymer matrix but may be
higher in some domains close to, but not at the interface, of the
nucleating agent particles, with the higher concentration areas
responsible for the higher than expected degassing pressures.
Unfortunately, this hypothesis on possible PBA gradient within
the polymer matrix is quite difficult to verify. Despite these
numerous papers on the influence of solid particles on cell
nucleation of amorphous polymer matrix, it seems that a
thorough understanding of the mechanisms controlling the
heterogeneous nucleation in viscoelastic fluids is still in its
pioneering stage.

Little work has been done on the influence of crystallinity
on cell nucleation in a semicrystalline polymer/PBA system.
Many papers report an improvement of cellular morphology
with crystalline content, yielding smaller cell size and higher
cell population density, compared to completely amorphous
systems. This seems to indicate that crystallites result in higher
cell nucleation densities in such a way a classical nucleating
agent does [7,8]. Baldwin et al. [7] claimed that the crystallites
can be considered as additive particles and thus increases
heterogeneous nucleation contribution by decreasing the Gibbs
free energy associated with the formation of stable PBA
clusters at the amorphous/crystal interfaces. However, accor-
ding to Doroudiani et al. [9] who studied the effect of
crystallinity on the microcellular foam structure of semicrystal-
line polymers (HDPE, PB, PP and PET), the cold-water-
quenched samples (less crystalline and smaller spherulite size)
produced more uniform and finer cellular structures compared
to the slow cooled samples (higher crystalline fraction and
larger spherulite size), which exhibit only a few locally foamed
areas due to the higher matrix stiffness.

Using a different approach, Handa et al. [10] pointed out that
classical heterogeneous nucleation cannot be applied in the case
of semi-crystalline polymers since the boundaries between
amorphous and crystalline parts are not well defined. In addition,
they also mentioned that the crystallized part has lower surface
energy than the amorphous part, and this cannot trigger bubble
nucleation at the surface of the crystallized parts. In that case,
they explained the higher cell nucleation densities observed in
syndiotatic polystyrene (sPS) for meso-sPS and a-sPS phases by
the presence of microvoids (the amorphous part in meso and a
forms were found to absorb about 60 wt% more CO, gas than the
regular amorphous sPS when normalized with respect to 100%
amorphous content) which could then be the preferred sites for
gas nucleation. They associated these microvoids with the
so-called rigid amorphous phase that bridges the amorphous
phase and the crystalline phase. The existence of rigid amorphous
phase in semi-crystalline polymer such as PET is now well
recognized and is associated with the region where several

lamellas are separated by very thin (2—4 nm) amorphous layers.
Even if these regions possess additional free volume upon
cooling, which may explain the observed higher solubility [11], it
is hard to believe that they can participate to bubble nucleation
and growth since they are constrained between crystallites. It is
also of interest to point out the work done by Mizoguchi et al. [12]
on the formation of micro-cavities in semicrystalline systems
during the desorption of the CO, gas molecules. These authors
illustrated that using PET samples, for which the plasticizing
effect of absorption of CO, gas molecules is high enough to
decrease the T, and thus to induce crystallization at ambient
temperature. They nicely showed that the density of the sample
crystallized with dissolved CO, was smaller (=0.003 g fem?®)
than that of a thermally crystallized sample having the same
crystallinity level. This difference was attributed to the presence
of crystallites that would hinder the relaxation of the structural
volume when the polymer changes from the rubbery to the glassy
state upon the release of the CO, molecules. Unfortunately, the
nature of these microvoids, e.g. discrete locations or uniformly
distributed in the free volume, remained unknown. This
observation may also be applied to a semicrystalline polymer
that is simply cooled from the rubber state to the glassy state with
respect to a completely amorphous sample.

A previous work on the foaming of PCL in batch processing
using carbon dioxide [13] has shown that the apparition of a finer
cell structure at low foaming temperature was crystalline
dependent. As shown in Fig. 1, PCL/talc/CO, systems with
different talc concentrations (0.5-5 wt%) foamed at a tempera-
ture of 32 °C displayed a bimodal cell structure, which was
explained by different levels of crystallinity. Accordingly, it was
proposed that the coarse cell structure corresponds to highly
amorphous regions whereas the finer open-cell structure was
associated with more crystalline regions. The role of crystals as
nucleating sites or promoters for bubble formation needs to be
correctly addressed. The aim of the present work is to elucidate
this interesting question. In order to avoid the possible issue of
coalescence phenomena generally encountered in estimating of
cell nucleation density on final foam products, we have chosen to
study the effect of crystallization on cell nucleation using
ultrasonic measurements. This novel technique has been found
to be very efficient to monitor the crystallization phenomena [ 14]
as well as to probe cell nucleation in foaming experiments
through measurement of the degassing pressure [5,6]. In this
paper, we carefully examine the nature of the changes in
nucleation resulting from crystallization and propose an
explanation for the possible mechanisms.

2. Experimental
2.1. Material

A commercial grade of poly(e-caprolactone) (Tone P-787
from Dow Chemicals), with a number-average molecular
weight of 80,000 g/mol corresponding to a melt flow index of
0.5 g/10 min, was used for the investigation. The nucleating
agent was talc (Mistron Vapor-R from Luzenac Corporation)
with a mean particle size of 2 um and a specific surface of
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Fig. 1. SEM photomicrographs of PCL/talc/CO, samples with different talc
concentrations: (a) 0.5 wt%; (b) 5 wt%. The samples were foamed at 7=232 °C
after slow cooling from the melt state. The samples were allowed to saturate for
2 h at a saturation pressure of about 6.5 MPa (940 psi) and a temperature of
70 °C. In both cases, the white bar denotes 100 um. Clearly, increasing talc
content increases the surface fraction of finer cell structure compared to the
coarser one [13].

13.4 m%g. The concentration of talc in the material with
nucleating agent was set to 5 wt%.

2.2. Solubility measurements

The CO,-gas equilibrium absorption of PCL and PCL/5 wt%
talc were investigated by a gravimetric method. Samples (1 X
2020 mm?®) were obtained from compressed mold sheets and
weighted prior their introduction in a pressure vessel. They were
maintained for 2 days at constant CO, pressure ranging from
0.69 to 5.51 MPa and at a temperature close to 24 °C. Once the
required saturation time was reached, the pressure was quickly
released (in approximately 15s), the sample removed and
weighted as quickly as possible, as a function of time (i.e.
typically within 1 min). These desorption experiments allowed
us to estimate by extrapolation the concentration of CO,
dissolved into the sample at the end of the sorption time [13].

2.3. Ultrasonic measurements

Samples were molded from pellets to obtain discs (32 mm
diameter, 3 mm thick) under 20 MPa and at 120 °C using the

static ultrasonic measurement apparatus, which is described in
details elsewhere [15]. These discs were then placed in a
pressure vessel filled with CO, and maintained at room
temperature with the blowing agent pressure around 4.8 MPa
during 2 days. Based on our previous work [13], this saturation
time was found to be sufficient to ensure that equilibrium
sorption was reached. After pressure release, the sample was
quickly transferred to the ultrasonic measurement device where
a pressure of 20 MPa was immediately applied to prevent
undesired foaming or gas loss. The ultrasonic measurement
system is gas tight and by reducing progressively the applied
pressure (dP/df= —1 MPa/min) one can induce phase separ-
ation and foaming at a given temperature without loss of
blowing agent. During this operation, ultrasonic characteristics
(attenuation and sound velocity) can be monitored as well as
specific volume. The degassing pressure related to the onset of
bubble nucleation was determined as the pressure correspond-
ing to the abrupt attenuation rise [16]. More details will be
given in the following sections. Increasing again the pressure
allowed the gas to dissolve back in the material, and to return to
the initial state after some minutes. Precise concentration of
blowing agent was later determined by weighing the sample
before and after final degassing outside the device in an oven
under vacuum.

2.4. Foaming experiments

Batch foaming experiments were carried out by cooling
down the PCL/CO, solution from the melt as reported in a
previous study [13]. PCL/talc samples were placed in a
pressure vessel and saturated for 3h at 70 °C and a CO,
pressure of around 6.2 MPa. Then the temperature was freely
cooled down to the desire foaming temperature, set at 32 °C.
Once the temperature was reached, the applied pressure was
quickly decrease (in approximately 45 s) to a given controlled
decompression level, denoted as Pgecomp, for a period of time of
roughly 5 min. The samples were then cooled down to ambient
temperature in order to freeze in the morphology through
crystallization, before completely releasing the pressure to
atmospheric pressure. The samples were finally fractured in
liquid nitrogen and characterized using a Hitachi scanning
electron microscope.

3. Results and discussion

3.1. Characterization of unfoamed gas-swollen polymer
samples

Prior to degassing pressure measurements, the samples were
ultrasonically characterized at a constant pressure of P=
10 MPa. This pressure was found to be high enough to prevent
phase separation and bubble formation. Attenuation as well as
sound velocity were measured during cooling from 110 to
—80 °C at a cooling rate of 2 °C/min and these characteristics
are reported on Fig. 2 for specimens with and without blowing
agent. In a general manner, the results illustrate the



J. Reignier et al. / Polymer 47 (2006) 5012-5024 5015

30

—~
Q
Ra?

P RO, Neat PCL

— — PCL+7%CO,

oy — — — PCL+5%talc
PCL+5%talc+7%CO,

25 1

20 1

151

10 1

Attenuation (dB/cm)

0 t t t t t t t t
-100 -80 -60 -40 -20 O 20 40 60

Temperature (°C)

(b) 3200
3000
2800 +
2600 |
2400 1
2200 +
2000 1
1800
1600
1400
1200 +

1000 t t t t t t t t t
-100 -80 -60 -40 -20 0O 20 40 60 80 100

Temperature (°C)

.......... Neat PCL

— —  PCL+7%CO,
— — — PCL+5%talc
PCL+5%talc+7%CO, | T

Velocity (m/s)

Fig. 2. Evolution of (a) sound attenuation and (b) velocity during cooling
experiment (—2 °C/min) performed under a pressure of 10 MPa.

plasticization of the polymer material by CO, and the change in
crystallization kinetics due to the blowing agent and the
nucleating agent.

The abrupt increase in attenuation when the material is
cooled from the melt in the temperature range from 40 to 60 °C
is attributed to the crystallization and the growth of crystallites
[14,17] and its onset can be used to determine the crystal-
lization temperature. The presence of CO,, which increases
free volume and affects the mobility of the polymer chains,
such as a plasticizer usually does, slightly decreases the
crystallization temperature by roughly 5°C on continuous
cooling. Similar effect of CO,-delayed crystallization have
been reported in a previous work on PCL/CO, system [13] and
for isotactic polypropylene [18] using High Pressure DSC. On
the contrary, the effect of talc is more significant since talc
increases this crystallization temperature by approximately
13 °C. Another interesting characteristic excerpted from the
attenuation graph is given by the slope of the ‘crystallization
peak’, which can be related to the number of crystallization
nuclei and also to the crystallite growth rate. As our
experiments are performed in non-isothermal way, the
interpretation remains complex. However, for both cases
without CO,, the slopes as determined over the same
temperature range, e.g. 40—45°C, are the same, indicating
that the crystallization process is not drastically modified by

the talc, except for the early initiation of crystallization due to
the presence of the particles. On the contrary, CO, slows the
crystallization rate. Indeed, the concentration of CO,
molecules, exclusively located in the amorphous phase,
increases with increasing crystalline fraction, which means in
other words that the concentration of CO, in the amorphous
phase increases as the temperature decreases. Similar effects
of CO, have been reported by Zhang et al. [18] on the
crystallization kinetics of PP.

The relaxation peak observed at lower temperature is related
to the a-relaxation of the amorphous phase. The increase of its
amplitude with the presence of CO, indicates that addition of
CO, leads to materials with reduced crystallinity, according to
our previous results obtained on a high pressure DSC [13].
However, the addition of talc obviously does not affect the
temperature associated with the a-relaxation and does not
modify the final crystallinity. On the other side, the
temperature shift of this relaxation peak from roughly —20
to —45°C when 7 wt% of CO, is dissolved in the PCL
illustrates well the strong plasticization of the material by the
blowing agent. Comparison of the shift in the crystallization
temperature due to the presence of talc indicates that talc-
induced crystal nucleation is not modified by CO,-induced
PCL plasticization, since in both cases the crystallization
temperature is increased by about 13 °C.

Similar conclusions on plasticization and crystallization
behaviour can be obtained from the velocity curves. Ultrasonic
velocity in the solid state is known to increase with the
presence of fillers [19,20], as generally the solid particles
increase the elastic modulus more rapidly than the density. In
the melt, the situation is more complex and scattering
phenomena have to be taken into account. The velocity in
that case can decrease or increase depending on the size, the
number and the modulus of the particle. Talc in small
concentration usually increases the velocity, although this
effect is barely visible in Fig. 2(b). On the contrary, addition of
CO, decreases the ultrasonic velocity as a consequence of
plasticization, as it is clearly shown in Fig. 2(b).

3.2. Influence of temperature on degassing pressure

Typical evolutions with time of specific volume and
attenuation when the applied pressure is modified are shown
in Fig. 3 for a temperature set at 39 °C. In the first step, as the
pressure is decreased, the attenuation slightly decreases until it
starts to rise very rapidly due to the scattering of the ultrasound
wave by the nuclei and the growing bubbles (Fig. 3(a)). The
pressure associated to this break point corresponds to the said
degassing pressure (see the dotted line in Fig. 3). As displayed
on Fig. 3(b), the expanding cells also rapidly impact the
specific volume curve, although this characteristic might also
be sensitive to the significant dilation induced by the PBA near
the equilibrium conditions. The pressure is thereafter main-
tained constant, i.e. as soon as nucleation and bubble growth
occur. In the final step, increasing the applied pressure forced
the dissolution of CO, back into the PCL matrix. At the end of
the sequence, it is interesting to note that the specific volume is
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Fig. 3. Evolution of (a) attenuation, (b) specific volume and (a and b) pressure
during typical degassing experiments for PCL/5 wt% talc/5 wt% CO, at T=
39 °C. The vertical dotted line shows the time corresponding to the degassing
onset and is given only as a guide for the eyes.

exactly the same as that observed at the beginning of
the degassing experiment. This behaviour, also observed at
other higher temperatures, is characteristic of a completely
amorphous sample. However, measurements of the degassing
conditions of the same sample but investigated at a lower
temperature (7=34°C) and reported in Fig. 4 illustrate a
completely different specific volume evolution. It can clearly
be seen that the specific volume measured at the end of the
experiment (beyond time of about 3000 s; P=15 MPa) is far
lower than that obtained at the beginning of the pressure ramp
(AV,,=0.034 cm®/g), thus indicating that crystallization
occurred. More interestingly, it can be unambiguously
demonstrated from the decrease of specific volume at early
times (# <600 s) that crystallization starts before the nucleation
and growth of gas bubbles. The degassing pressure estimated
through this experiment gives a high value of 3.6 MPa.

It is also worth noting that the variation in specific volume
associated with foaming of the crystalline sample (AV,,<
0.02 cm?/g) is rather small compared to the expansion observed
for completely amorphous sample (AV,>0.08 cm®/g) and this
effect cannot be only attributed to the foaming temperature
(AT=5 °C). It is recognized that the presence of crystals has a
drastic effect on the viscoelastic behaviour of the polymer/PBA
solution. For instance, Baldwin et al. [7] demonstrated that the
storage modulus of crystalline PET/CO, mixture can be
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during typical degassing experiments for PCL/5 wt% talc/5 wt% CO, at T=
34 °C. The vertical dotted line shows the time corresponding to the degassing
onset and is given only as a guide for the eyes.

enhanced by a factor up to ten, compared to that of a mixture
with amorphous PET, for the same gas concentrations. Thus, in
comparison to the amorphous phase, the cell growth
mechanism of semi-crystalline foam is not governed only by
the diffusion process, but also by the viscoelastic behaviour of
the polymer/gas solution. As a result, this higher matrix
stiffness reduces the expansion of the foam. On the other side,
the attenuation signal raised well above 100 dB/cm for the
crystalline sample, compared to less than 10 dB/cm for the full
amorphous sample foamed at 39 °C for equivalent foaming
time. To our opinion, this behaviour may be explained by a
very high nucleation density of bubbles and/or by the presence
of an open-cell structure, according to the morphology reported
in our previous work [13] and mentioned earlier in the
introduction part (Fig. 1).

To summarize all the above results, Fig. 5 shows the
variation of the degassing pressure as a function of temperature
for the neat PCL and PCL/5 wt% talc samples containing
5 wt% of CO, in both cases, where each point corresponds to a
specific degassing experiment conducted at a given tempera-
ture. From these data, one can note several important facts:

(i) For 100% amorphous state (7>40 °C), increasing the
temperature moderately increases the degassing
pressure in a linear fashion. In quasi-static conditions
(i.e. without any shear field as those encountered under
flow conditions such as in extrusion processing), it is
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generally accepted to link the ultrasonic measurements
to the solubility of the physical blowing agent within
the polymer. Since, the PBA concentration into the
sample is kept constant at 5 wt% during all the
investigation procedure, the increase of degassing
pressure with temperature simply depicts the lower
solubility of CO, in PCL at higher temperatures.

(i) Another interesting feature related to this linear trend
concerns the effect of talc on the degassing pressure. As
shown in Fig. 5, the degassing pressures determined for
the neat PCL and PCL/5 wt% talc samples fall within a
rather narrow band not much wider than the experi-
mental error, estimated as +0.5 MPa. Thus, it can be
concluded that there is no significant effect of the talc
on the degassing pressure in the amorphous phase. This
result is quite surprising since it has been reported
elsewhere using the same ultrasonic technique [5] that
the presence of a nucleating agent such as talc shifted to
a higher level the degassing pressure by as much as
1.2 MPa, with this effect prevailing over a wide range
of temperature. However, these observations were
made during extrusion, i.e. in presence of flow
conditions and shear fields, compared to our measure-
ments performed on a confined, static sample. On the
other side, it was shown in our previous work [13] that
increasing the talc content from 0.5 to 5 wt% increased
the cell nucleation density as well as it improved the
foam quality. At the present time there is no clear
explanation why the presence of talc particles did not
lead in the present case to an increase in the degassing
pressure as expected, whereas it seems to clearly
improve the cell nucleation with respect to the final
product.

(iii) The most striking feature in Fig. 5 is the abrupt 3 to
4-fold increase in degassing pressure for temperatures
below 40 °C, i.e. in the presence of a crystalline phase.
As shown in Fig. 4 for the PCL/5 wt% talc/CO, system,

the decrease in specific volume observed during the
decompression experiment indicates that crystallization
is taking place, which strongly suggests that crystal
formation enhances nucleation. In addition, it is
interesting to note that this abrupt increase in degassing
pressure occurs at a higher temperature in the presence
of talc. Obviously, this is due to the role that talc
particles played as nucleating agent for the crystal
formation, which shifted crystallization at a higher
temperature. The influence of talc content on the
crystallization temperature was clearly demonstrated in
our previous study using DSC measurements [13] as
well as in Section 3.1 (non-foaming experiments,
temperature sweeps) with or without CO,. Thus, these
results can be coupled to our previous work [13] in
which it has been observed that the cell population
density of the PCL/5 wt% talc sample changes
dramatically below a foaming temperature of 35 °C.
More precisely, the cell density at a foaming
temperature of 28 °C is 1000-fold higher than that
obtained for the sample foamed at 35 °C. In principle, a
higher cell population density originates from the
presence of a higher number of nucleation sites. This
strongly suggests that crystal formation enhances
nucleation. As mentioned in the introduction part,
similar results have been published in the literature for
other polymer/PBA systems but, to our knowledge, this
is the first report of the influence of crystal formation on
the pressure conditions for phase separation.

3.3. Influence of crystalline fraction on degassing pressure

In order to thoroughly investigate the influence of crystal
formation on degassing pressures, additional samples were
submitted to successive degassing experiments conducted in
isothermal conditions. The choice of the suitable isothermal
temperature was dictated for both samples (with or without
talc) by two major factors: on one side, this temperature must
be low enough to ensure crystallization of the samples. But on
the other side, the crystallization rate at that temperature must
be slow enough to allow the measurement of several degassing
pressures before the completion of the crystallization event.
We also have to keep in mind that presence of talc increases the
crystallization temperature and therefore it was not possible to
use the same temperature for both samples (with and without
talc). Fig. 6 shows the evolution of specific volume and
pressure as a function of time for a PCL/8.2 wt% CO, sample
and a temperature of 30 °C. The evolution of specific volume is
plotted against time starting from the moment when the sample
reaches the desired temperature of crystallization. The change
in crystalline fraction throughout the degassing experiments
was assessed by using the evolution of the specific volume as a
function of time at the same temperature but without any
pressure ramp, with the pressure being kept constant at
10 MPa, and by assuming that the effect of the several pressure
ramps and the corresponding induced foaming periods on
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crystallinity was negligible. Obviously, this last hypothesis is
validated by the quasi superposition of this curve (dashed line)
with the specific volume monitored during the successive
degassing experiments, as shown in Fig. 6(a). The very weak
variation (with time) of the specific volume at the end of the
overall experiment indicates that the crystallization event was
almost completed. It was assumed in first approximation that
the crystalline fraction at the plateau value of the specific
volume was close to 0.5. This value corresponds to an upper
value since the crystalline fraction should slightly decrease
with increased CO, concentration, as mentioned in our
previous work using high pressure DSC [13]. For both sets of
data, the overall decrease of the specific volume was
approximately 0.021 cm?/g, indicating a similar level of
crystallinity at the end of each sequence.

The resulting crystalline fractions and their corresponding
degassing pressures are reported in Fig. 7 for neat PCL and
PCL/talc samples. In addition, to better understand the role
played by crystallinity on degassing pressure, it is helpful to
report differently the data of Fig. 7 by plotting the evolution of
degassing pressure as a function of the crystalline fraction, as
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Fig. 7. Evolution of (a) crystalline fraction and (b) degassing pressure fraction
as a function of time for neat PCL and PCL/5 wt% talc samples. The isothermal
temperature was set to 30 and 39.5 °C for the neat PCL and PCL/talc samples,
respectively. Note that the concentration of CO, estimated at the end of the
experiment are 8.2 and 4.5 wt% for the neat PCL and PCL/talc samples,
respectively. Note that the degassing pressures for completely amorphous
samples were extrapolated from degassing experiments at higher temperatures.

shown in Fig. 8. One should note that the temperatures and CO,
contents are slightly different between these two sets of data,
respectively, 30 °C and 8.2 wt% CO, for the neat PCL and
39.5 °C and 4.5 wt% for the PCL/talc sample. It is also worth
noting that the degassing pressures for completely amorphous
samples were extrapolated from degassing experiments done at
higher temperatures. Despite different isothermal temperatures
and CO, gas concentrations, the degassing pressures in
completely amorphous samples are almost the same within
the experimental error, thus simply indicating that the higher
concentration of CO, compensates adequately for the lower
temperature.

At this point of the discussion, it is interesting to compare
the degassing pressure of the completely amorphous sample
with equilibrium solubility data. Fig. 9 depicts the equilibrium
solubility of CO, (see Ref. [13] for details about the
experimental part) in neat PCL and PCL/5 wt% talc samples
as a function of saturation pressures, as measured at room
temperature. In both cases, the crystalline fraction measured by
DSC before saturation with CO, was 50 wt% and did not
change during saturation. The amount of gas uptake of CO,
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Fig. 8. Evolution of degassing pressure as a function of crystallinity for neat
PCL and PCL/5 wt% talc samples. The isothermal temperature was set to 30
and 39.5 °C for the neat PCL and PCL/talc samples, respectively. Note that the
concentrations of CO, estimated at the end of the experiment are 8.2 and
4.5 wt% for the neat PCL and PCL/talc samples, respectively. The dotted lines
represent the pressure required to dissolve a given amount of CO, in the
amorphous phase. See Section 3.3 (i) for details about the pressure estimation
procedure. Note that the degassing pressures for completely amorphous
samples were extrapolated from degassing experiments at higher temperatures.

(expressed in grams of CO, per gram of polymer) remains
almost linear up to a pressure of approximately 4.1 MPa. The
equilibrium solubility for a completely amorphous sample,
estimated from the 50% crystalline samples, are also reported
in Fig. 9 (dotted line). Thus, the required pressure to dissolve
8.2 wt% of CO, at room temperature is around 2.3 MPa, which
is far higher than the 0.8 MPa degassing pressure reported for
the neat PCL sample as shown in Fig. 8 at almost the same
temperature (30 °C). Quite surprisingly at first, this result may
be explained as follows. Even though the measurement of
degassing pressure may be an effective means of comparing the
solubility behavior of different blowing agents, it does not
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Fig. 9. Evolution of the equilibrium solubility of CO, in neat PCL and
PCL/5 wt% talc samples as a function of saturation pressures measured at room
temperature. In both cases, the crystalline fraction measured by DSC before
saturation with CO, was 50 wt% and did not change significantly during
saturation. The equilibrium solubility for a completely amorphous sample,
estimated using Eq. (1) from the 50% crystalline sample results, is also reported
as a dotted line.

necessarily corresponds to the equilibrium solubility. In some
cases, the viscoelastic response of the polymer/PFA mixture to
shear/elongational flow, i.e. during the foam extrusion process,
may result in a degassing pressure much higher than that
expected from solubility data [6]. On the other side, it has been
found under static conditions (no flow) and with low-diffusivity
blowing agents (HFC-134a in PS for instance) that the
degassing pressures were much lower than the solubility
equilibrium pressures [21]. In other words, that means that the
onset of phase separation does not occur necessarily at the
bimodal curve, which corresponds to the equilibrium solu-
bility. The system may undergo supersaturation at a lower
pressure, i.e. in the metastable region, before experiencing
phase separation. To illustrate this point, PCL/talc samples
charged with CO, were submitted to various decompression
levels varying between 4.8 and 0 MPa by step of around
0.69 MPa. Fig. 10 shows the sample morphology obtained for
the various decompression levels (Pyecomp) investigated. The
white traces in Fig. 10, barely visible but still noticeable, are
the talc particles, which have a average size of 2 um. It can
clearly be seen that the bubble formation starts below
2.07 MPa, which is well below the equilibrium solubility
pressure of 5.1 MPa corresponding to a temperature of 32 °C
[13]. That yields a pressure difference (AP) of 2.4 MPa, this
value being an indication of how far away the material is from
the bimodal/solubility equilibrium line. Such high value of AP
may indicate that the nucleation of bubbles is thermo-
dynamically difficult to induce, even with the addition of
talc. It is generally expected that the presence of a nucleating
agent such as talc would trigger the nucleation by decreasing
the amplitude of the free energy barrier and accordingly would
reduce significantly the value of AP. From the results displayed
in Fig. 5, a nucleating agent such as talc does not seem to
increase the degassing pressures, thus indicating that talc may
not be a very efficient nucleating agent for PCL/CO, system.

Going back to Fig. 8, for the sample with talc, as the
crystallinity fraction increases, the degassing pressure moves
upward slowly up to a point corresponding to a crystalline
fraction near 10 wt%, where it then rises abruptly and
eventually reaches a plateau. For the neat PCL, this abrupt
change occurs at a higher crystalline fraction, roughly 30 wt%.
One can observe that this point significantly differs from one
type of sample to the other, despite the same degassing pressure
observed for the completely amorphous samples. The most
striking fact of this plot is the 6 to 10-fold increase in degassing
pressures associated with the presence of crystallites, with
respect to completely amorphous samples. In the next sections
of this paper, different possible physical mechanisms will be
envisaged in order to explain the above results.

3.3.1. Gas molecules expelled from crystallites

First consider the effect of crystal formation on the
concentration of PBA. Since, it is well accepted that the gas
molecules are expelled out from the crystal into the amorphous
phase during crystallization, an argument based on the increase
in gas concentration in the amorphous phase could be used as a
potential explanation of the increase in degassing pressure
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Fig. 10. Evolution of the morphology PCL/5 wt% talc samples as a function of decompression levels at a temperature of 32 °C. () Pgecomp =2.07 MPa; (b) Pgccomp=
1.37 MPa; (¢) Pgecomp=0.69 MPa. Note that the cellular morphology obtained for the decompression pressure corresponding to ambient pressure is the one reported
in Fig. 1. In all cases the PCL//talc samples were saturated with CO, for 3 h at 70 °C and a CO, pressure of approximately 6.2 MPa. (d) Influence of decompression
pressure level on the density of PCL/5 wt% talc samples at a foaming temperature of 32 °C. The letters in parenthesis correspond to the morphology of the sample

depicted above. The line is only a guide for the eyes.

assessed by ultrasonic measurements. In our experimental
setting, the concentration of PBA into the overall sample is
constant because the sample is confined into the chamber. As a
consequence, the equilibrium mass uptake of the gas into the
amorphous part of a semi-crystalline polymer must be
corrected with respect to the fraction of crystalline phase as
expressed by

M,
M. = sc
¢ (1 _Xc)

where ¥ is the crystalline weight fraction, M. and M, the mass
uptake (wt%) of CO, in the overall semi-crystalline sample and
only into the amorphous phase, respectively. This implies that
the crystallization process should result in an increase of the
concentration of CO, into the amorphous phase, and thus
corresponding higher degassing pressures should be obtained.
For an estimation of this theoretical increase in degassing
pressure with crystallinity, it is worth comparing the
measurements of the degassing pressure with the equilibrium
solubility of CO, gas at different gas pressures. As mentioned
in Section 3.3, the dotted line in Fig. 9 depicts the equilibrium
solubility of completely amorphous sample as a function of the

6]

saturation pressure measured at room temperature. This latter
curve is used to estimate the required pressure to dissolve 2.8,
4.5 and 8.2 wt% CO, as reported on the y-axis of Fig. 8 and
which corresponds to the origin (x.=0) of the dotted lines.
Effect of temperature on the solubility was neglected. The
estimated required pressure for semicrystalline samples (dotted
lines) are estimated using Eq. (1), assuming constant overall
carbon dioxide concentration, which implies increasing CO,
content in the amorphous phase. Accordingly, the degassing
pressure evolution depicted in Fig. 8 should increase
proportionally to the crystalline fraction (see dotted line),
according to Eq. (1). This is clearly not the case, except at low
crystalline fraction, (typically lower than 10 wt%).
Surprisingly, the formation of crystals even in small
quantity does not increase significantly the degassing pressure
compared to its completely amorphous counterpart, which
should be the case if crystals, even at a low crystalline content,
play the role of nucleating agent for bubble nucleation through
reduction of the energy gap. This indicates that homogeneous
nucleation may still prevail in the system under investigation,
despite the presence of the crystalline phase. According to
Baldwin et al. [7], the mechanism underlying bubble
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nucleation for a semi-crystalline polymer in presence of both
amorphous and crystalline phases is the preferential formation
of PBA critical clusters at the surface of crystal, thus
decreasing the free energy barrier associated with the
formation of stable nuclei and more importantly the number
of potential nucleation sites. However, their samples with
5-10 wt% crystalline phase did not show any effect on cell
nucleation density, whereas it should offer sufficient
amorphous/crystalline interface to trigger cell nucleation.
One also have to keep in mind that the formation of ‘free’
amorphous/crystalline interface—which are not constrained
between adjacent crystallites or confined into pocket of
occluded melt—decreases rapidly with crystalline fraction
because of the impingement of spherulites. This latter point
will be discuss in more details in the next case but it can already
be claimed that it occurs at relatively low crystalline fraction.

3.3.2. Formation of PBA concentration gradient around
crystallites

Next, consider the sudden increase in the degassing pressure
well above the equilibrium solubility line that can be observed
for crystalline fractions greater than 10 wt% for talc filled
samples and greater than 30 wt% for neat PCL. We may
attempt an explanation based on an increase of local gas
molecule concentrations in the vicinity of the crystallite since
the CO, molecules are expelled outside the crystallites. More
precisely, some CO, molecules could be confined in the
interlamellar amorphous region whereas the others should be
rejected to the outside of the spherulite. Such kind of kinetic
mechanisms have been well studied in polymer blends for the
particular case of semicrystalline—amorphous systems with
partial miscibility [22-25]. For instance, it has been shown for
PCL/PS blends that crystallization of almost pure PCL
spherulites can induce demixing. Large PS droplets are
observed between the well-developed spherulites or on their
surfaces [23] as a result of the higher concentration of PS at the
surface of the crystallite growth front. According to these
authors, the simultaneous occurrence of crystallization and
phase separation was found to depend on the relative values of
the growth rate v, of the crystalline entities

_dR

Ve T4 2)

where R is the radius of the spherulite, and the diffusion rate of
the non-crystallizable molecules, v4

D\ 05
Vg = <T—) 3)

where D represents the diffusion constant and 7. a correction
time [23] for the macromolecules, which both depend on the
temperature. In the same manner, the phenomenon of crystal-
lization in presence of a foaming agent can be approached in
terms of phase separation. The concentration of PBA may be
greater at the surface or around the crystallites, as compared to
the concentration in the bulk amorphous phase, which may
result in higher degassing pressures. In that sense, bubble

nucleation may be triggered by crystallization, but it is worth
noting that it is a completely different mechanism from
classical heterogeneous nucleation, where the preferential
nucleation of gas bubble is driven by surface energy reduction
rather than kinetic considerations. If so, the presence of a
concentration gradient should depend on the relation between
the diffusion kinetics of the CO, gas molecules throughout the
PCL amorphous phase, v4, and the growth rate of the PCL
crystal, v..

In spite of our poor knowledge of the crystallite growth rate
in presence of CO, gas and of the diffusion coefficient of CO,
into the PCL, one may attempt an estimation of the so-called
Keith—Padden parameter (0 = D/v.) that represents the distance
over which CO, gas molecules will be excluded from the
growth front of PCL [25]. Small value of ¢ (typically in the
order of um) would indicate the presence of concentration
gradients around spherulites. Based on results excerpted from
our previous work [13], the diffusion coefficient for 50%
crystalline PCL at 34 °C can be estimated as 5.2X 10~ cm?/s.
On the over hand, in the case of PCL, the growth rate of lamella
can be computed from the work of Beekmans and Vancso [26],
which gives a value of about 14X 10~° cm/s at 57 °C. So we
can roughly estimate the ¢ ratio to be approximately 37 cm.
Such huge value for the Keith-Padden parameter seems to
indicate that the CO, molecules rejected from the crystallite
could not possibly accumulate near the growth front of the
spherulites. This result is not surprising since CO, molecules
are relatively small and therefore can diffuse much quicker
than polymer macromolecules.

However, one can still envisage non-homogeneity of the
PBA concentration but at a larger scale level. This could be
associated to the non-homogenous distribution of crystals in
the matrix. This idea is well supported by observation of
polarized micrographs obtained from different semicrystalline
polymers such as PET, which clearly demonstrates that the
distribution of spherulites at low crystalline fraction can be
highly heterogeneous with high crystalline regions composed
of numerous crystallites very close to each other compared to
very poor crystalline regions of the same size but with very few
crystallites or even free of crystals [9]. The preferentials
localization of crystals around or at the surface of talc particles
has been reported in the past, which may also potentially
enhance the heterogeneity of the PBA concentration. Further-
more, since the gas molecules diffuse only through the
amorphous phase, the presence of crystallites has the tendency
to decrease the diffusivity of the PBA molecules by creating a
more tortuous pathway for their displacement throughout the
sample [27]. Therefore, the concentrations of the PBA around
the highly crystalline regions may even be greater than those
reported in the more amorphous regions. These concentration
gradients, at a scale level of several crystallites, may be part of
the explanation for the high degassing pressures reported in
Fig. 8. As aresult, the generation of regions with different PBA
concentrations should result in the formation of a bimodal cell
morphology: the high crystalline regions would result in a
higher cell population density and smaller cell size because of
the higher concentration of PBA and a very high stiffness due
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to the presence of crystallites. On the contrary, the low
crystalline regions would result in lower cell nucleation density
but with higher cell size due to the lower PBA concentration
and lower matrix stiffness. This explanation is strongly
supported by the morphology of PCL/talc samples shown in
Fig. 1 and discussed in our previous work [13].

3.3.3. Spontaneous formation of microvoids induced by
crystallization

In another approach, it has been shown for two-dimensional
samples (thin films) as well as in the three-dimensional case
(bulk samples) that localized volume anomalies or singularities
occur during the crystallization in liquid areas completely
confined by spherulites [28-31]. Indeed, the impingement of
spherulites in the course of crystallization leads to the
formation of pockets of occluded polymer melt. On further
crystallization, these occluded areas are the location of build—
up of negative pressure (stress) because the melt is forced to
move from the interior of the pocket toward the crystallization
front and there is no supply of fresh melt to fill up the
deficiency of material. These occluded areas can eventually
result in localized volume defects through cavitation if the
internal stress exceeds the limit of melt cohesion, or they
simply can also remain frozen into the material. Nowacki et al.
[30] nicely demonstrated from measurement of the growth rate
of spherulites in isotactic polypropylene (iPP) films that stress
build—up starts almost immediately after the moment of
occlusion of the melt by the spherulites. It has been shown
that the spherulite growth rate decreases continuously as the
crystallization inside pocket of occluded melt proceeds. This
occurs due to the build—up of negative pressure, which
decreases the equilibrium melting temperature and hence
reduces locally the undercooling. Galeski et al. [29] demon-
strated for iPP that acoustic events associated with cavitation
phenomena start close to the half-time of crystallization and
that its maximum is close to the end of crystallization process
(=95% completion). More importantly, it appears from their
results that the formation of pockets of melt and hence the
build—up of negative pressure starts at a time as low as one
fourth of crystallization time. In our case, this corresponds to
crystalline fractions around 10-15 wt%. This raises some
questions on the effect of internal stress may have on the
degassing conditions in the present work.

At this point of the discussion, it is interesting to go back to
the work of Tatibouét and Gendron [6] on the influence of the
flow conditions during extrusion foaming on the degassing
pressures of polystyrene/HCFC—134a mixtures using an in-line
detection method based on ultrasonic sensors. These authors
quantitatively associated the increase of the apparent degassing
pressure observed for the higher molecular weight resins with
the higher first normal stress difference of the melt/PBA system
generated during flow into the extruder. In particular, the
anisotropy of stress level could reduce the local stress field in
the flow direction, thus leading to higher apparent degassing
pressure. In our case, one could also envisage that the
generation of stress inside pockets of melt could facilitate the
nucleation of gas bubble by decreasing the efficient pressure

inside the pocket of melt compared to the hydrostatic pressure
applied to the whole sample, and hence would result in higher
apparent degassing pressure. Pawlak and Galeski [32]
estimated that negative pressure values can reach the
considerable value of 40 MPa for typical polymer melts! In
our case, the stress level or negative pressure may be estimated
by the difference between the measured degassing pressure and
the degassing pressure only based on concentration effects into
the amorphous phase (dotted line). A maximum value of
6.4 MPa was found for a crystalline fraction of 50 wt% for the
PCL sample. The sudden increase in the degassing pressure
corresponds relatively well with the estimated build—up of
negative pressure (X.=10 wt%) for the PCL/talc sample.
However, when looking at the evolution of degassing pressure
with crystalline fraction for the PCL sample without talc, one
can see that the breakpoint is shifted towards relatively high
crystalline fraction, around 30-35 wt%, as compared to the
PCL/talc sample. This discrepancy should be related to the
presence of talc, which modifies the crystalline morphology.

Another interesting point concerns the degassing pressures
obtained in the terminal region (higher crystalline fractions).
According to Galeski et al. [29], the value of negative pressure
inside pockets of occluded melt depends on the difference in
density between melt and crystalline phase, the degree of
conversion of melt into spherulites as well as the melt
compressibility. In principle, this should not depend on the
size of the ‘weak’ spots. However, in practice, the deformation
of spherulites in the case of weak spots may significantly
decrease the volume defect and hence decreases the magnitude
of the negative pressure, eventually resulting in no cavitation.
Talc is a good nucleating agent for the nucleation of PCL
crystals, as demonstrated by the increase in crystallization
temperature during cooling from the molten state (see section
on unfoamed material). The presence of talc should result in
spherulites of smaller sizes and thus to smaller melt pockets but
in higher number. As a consequence, the maximum degassing
pressure may be lower in the presence of talc, which seems to
be the case in Fig. 8. The stress level inside melt pockets
estimated at the end of the crystallization process is
approximately 3.9 MPa for the PCL/talc sample, well under
the value obtained for the neat PCL.

The results presented here strongly indicate that the
formation of pockets of occluded melt, through the impinge-
ment of spherulites, may explain the abnormally high measured
degassing pressures. However, it must be pointed out that this
phenomenon should not trigger cell nucleation and growth in
foaming process since these bubbles will be constrained into
the impinged spherulites. Hence, the question of the origin of
the finer morphology of semi-crystalline sample still remains.
An argument based on the decrease of the molecular mobility
of the polymeric chain due to the formation of crystals may
potentially explain this phenomenon. In fact, it has been shown
that the formation of crystalline regions do act as cross-links.
These physical cross-links connect molecules into larger
clusters, each of these clusters containing many crystalline
domains. Similarly to what is observed for chemical
crosslinking, a physical gel point (physical because it is
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thermoreversible) is defined by the appearance of connectivity
throughout the whole sample. Interestingly, it has been shown
that liquid-to-solid transition (LST) strongly affects the
molecular mobility, which as a result also leads to the dramatic
change in rheological properties. The crystallinity at the gel
point was found to vary upon the polymer with a relative
crystallinity of around 6-15% for isotactic polypropylene [33]
and around 20% for PCL sample [34]. According to Horst and
Winter [35], the type of connectivity encountered during
crystallization is provided by amorphous chains immobilized
by segments attached to several crystalline structures.
Obviously, this stage will precede the impingement of
spherulites (formation of pocket of occluded melt). One
could consider that the physical cross-links created at the
early stage of crystallization may be enough to limit the
growing of gas bubbles, thus leading to the enhancement of cell
nucleation rate compared to completely amorphous sample.
Furthermore, the crystallization process should not be
considered as to be completely homogeneous. Rather, long-
range heterogeneity of crystallization may exist within the
sample if the crystallization process does not occur simul-
taneously throughout the sample. That phenomenon may lead
to the bimodal cell structure observed in Fig. 1(b).

In summary, it appears from all the above that the increase
in cell nucleation density generally observed in presence of
crystalline phase cannot be attributed to heterogeneous
contributions but rather to the high stiffness of the matrix,
such as microcellular morphology is obtained without any cell
nucleating agent.

4. Conclusion

A number of concluding remarks can be made from our
investigation of the impact of crystallization on the foaming of
PCL/CO, mixture using a batch process equipped with
ultrasonic sensors.

It has been unambiguously demonstrated that the static
ultrasonic measurement system is a powerful tool to determine
whether the nucleation of crystallites precedes the formation of
gas bubbles. In addition, different nucleation/growth
mechanisms were distinguished through a careful analysis of
the data: nucleation of gas bubbles for the amorphous sample is
characterized by attenuation signal 10 times lower than in the
crystalline sample, whereas the change in specific volume
associated with the amorphous sample is several times greater
compared to those observed for crystalline samples. These
results should be compared to the foam morphology obtained
on the same system in a previous work. Consequently, the
formation of a high cell population density of small open cells
is crystalline dependent. The most probable mechanism may be
the reduction of molecular mobility of the polymeric chain, i.e.
an increase in matrix stiffness, due to the formation of crystals
that do act as crosslinking points.

The most striking result of our study is the huge increase
in the degassing pressures observed for crystalline samples
with respect to the amorphous system. Even if it strongly
suggests that crystal formation enhances cell nucleation, the

precise role of crystal on nucleation of gas bubble is not
clear. On one side, this huge increase in degassing pressure
cannot be solely attributed to blowing agent content or
solubility issues. On the other side, heterogeneous nucleation
would imply a huge increase in degassing pressure as soon as
crystals appear, and that because of the lower energy barrier
associated with the formation of a stable nuclei (bubble) onto
the surface of the crystal, which seems not to be the case.
Rather, the major increase in degassing pressure was
associated with the build—up of negative pressure inside
pocket of occluded melt, which typically begins in our case
at a crystalline fraction of around 10-15%, for talc-induced
crystallization.

Eventually, while talc particles are not very efficient in the
amorphous phase to trigger the cell nucleation process—the
degassing pressure for the sample with or without talc were
almost the same their role in crystal nucleation at lower
temperatures is obvious. Addition of talc shifts the crystal
formation to higher temperature, and thus indubitably impacts
the cell nucleation process.
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